We report on the growth and characterization of InGaAslGaAs quantum dot (QD) superlattices for application in intermediate-band solar cells ( IBSCs). Good optical and structural quality QD superlattices with up to 50 periods were obtained by metal-organic vapor-phase epitaxy (MOVPE) growth on (11318 GaAs substrates.
INTRODUCTION
In the future, materials costs and availability are likely to drive the evolution of photovoltaic technology toward cells performing at the highest possible efficiencies [1,2]. New concepts will be required to produce this. 'third generation' of low-cost, high-performance PV devices [1,2]. One of the largest losses associated Ath conventional single-junction solar cells is that subbandgap photons do not contribute to the device current.
Luque and Marti [3, 4] proposed increasing the efficiency of ideal solar cells by using an intermediate band lying inside the forbidden energy gap of the semiconductor host material lo absorb photons with energies below the semiconductor bandgap.
The states within the intermediate band need to be partially filled to pmvide good absorption. This is so an electron from the valence band can be excited to an unoccupied level in the intermediate band, from which it or another electron can then be excited to the conduction band (see Fig. 1 ). By this mechanism, the absorption of two photons of low energy can result in an electron-hole pair of higher energy than the semiconductor host-material bandgap. The electrons in the conduction band generated by this process add to those generated by the normal one-step absorption process across the barrier semiconductor material bandgap, thus adding extra current flow in the device. If the cell is properly contacted, these extra electrons can be extracted at a high voltage limited only by the bandgap of the barrier material. Assuming optimal photon selectivity, they showed that the limiting efficiency was as high as 63.2% under maximum concentration conditions at 300 K (sun assumed to be a black body at 6000 K), which is much greater than the 40.7% limiting efficiency of a conventional single-gap solar celi under the same operating conditions. Under the above conditions, the optimum values of the gaps (see Marti et al. [5] [6] [7] [8] proposed realizing the concept of an IBSC by using QD technology. In a small-bandgap QD surrounded by a highsr-bandgap barrier material, the wave function of an electron can be confined to discrete Barrier semiconductor CO tact Fig. 3 . Schematic of the QD intermediate band solar cell. energy levels (see Fig. 2 ). The posjtion of these levels can be tuned by controlling the size of the QD. In Fig. 2 , the top of the valence band (VB) has been assumed to be the same in the QD and barrier semiconductor material, and band bending due to space-charging effects has been ignored. The optimum barrier material bandgap of 1.95 eV is shown. In this example, electrons confined in the In this work. we have chosen to grow by low-pressure MOVPE InGaAsIGaAs QD superlattices (SLs) as a model system to test the concept of the IBSC. GaAs was chosen as the barrier material (rather than the more optimum bandgap AfGaAs) because of the large difference in growth temperature required to grow good-quality AlGaAs and InGaAs QDs by MOVPE.
Quantum dots

EXPERIMENTAL
InGaAslGaAs QD SLs, containing up to 50 periods, have been grown by low-pressure MOVPE on both (001) and { I 13)B GaAs substrates.
Triethylgallium. trimethylindium. and arsine were k e d as sources for the MOVPE growth. The growth temperature was 550'C and the QD composition was aimed to be Ino.47Gao~~As. Annealing under HZ after the growth of each InGaAs QD layer was found to be essential in order to grow goodquality QD SLs. The microstructure of the QD SLs was characterized by atomic. force microscopy (AFM), transmission electron microscopy (TEM) and x-ray diffraction. The optical properties of the samples were assessed by photoluminescence (PL) and absorption measurements. fin device structures incorporating Si ddoped or undoped QD SL absorbing regions have been grown and processed into mesa-type cells with 2"-diameter circular active regions. . External quantum efficiency (EQE) and current-voltage (IV) measurements have been made from several cells on each wafer, and the results were compared to measurements performed on control cells with identical device structures (except for containing undoped GaAs or undoped InGaAslGaAs SL absorbing regions).
RESULTS
Growth and characterization of QD SLs
To obtain high-quality QD SLs, it was found that the Misfit dislocations are present at InGaAdGaAs QD SL-GaAs interface. stacking of the QDs along the [I 131 growth direction when examined by cross-sectional TEM (see Fig. 5 ). In comparison, the QD SLs grown on (001) subsktes using the same conditions exhibited little vertical stacking of QDs.
In QD SLs containing 25 and 50 periods, the misfit strain associated with the InGaAs QD layers resulted in the introduction of misfit dislocations (see Fig. 6 ). Such lattice defects are liable to result in a degradation of optical properties and a reduction in minority-carrier lifetimes and thus could reduce the performance of solar cells fabricated from such QD stacks.
The optical properties. of the QD stacks were assessed by PL. Room-temperature PL spectra of 50-period undoped QD stacks grown using HZ pauses after electrons from the CB of the barrier material may be rapidly relaxing to the QD IB by the emission of phonons causing the CB electron gas to collapse and no longer be well separated from the IB electron gas. This means that the C3 electron gas will no longer have its own quasiFermi level well separated from the IB electron gas quasi- 
